Partial Discharge in a High Voltage Experimental Test Assembly htroduction
'This study was initiated when a new type of breakdown occurred in the high voltage experimental test assembly. An anomalous current pulse was observed during operation as the high voltage pulse was applied. A partial discharge occurs when a small region of the distributed capacitance of the test assembly discharges. A capacitive current flows, and charge redistributes on the remaining capacitance, but there is no real charge conduction through the test assembly. A total discharge (breakdown) occurs when a conductive path across the test assembly forms and shorts out the power supply voltage. 'This breakdown feature is similar to an electron avalanche observed years ago (Brainard and Jensen 1974) . However, the insulator in the experimental test assembly was designed such that electric fields force electrons away from the insulator, which prevents electron avalanches.
Analysis of the test assembly shows that an arc occurred between the metal anode housing and the adjacent insulator wall. Figures 1 and 2 are SEM photographs showing the breakdown regions of the insulator and anode respectively. There is probably not enough energy in the partial discharge to do this much damage, i.e., the subsequent total breakdown is most likely the source of energy. The expanding plasma from the partial discharge probably initiates the total breakdown. Relatively large ceramic surface riodules (50 to loop) on the insulator in the area near the discharge are shown in figure 3. In the discharge region a significant metal deposit is present, resulting from the breakdown. 
Modeling the Breakdown Region
F:igures 4-6 show OPERA electrostatic field models of the partial discharge region of the test assembly. In the partial discharge region, the highest field is on the metal anode, but tlhe area of concern is at the cathode where electron field emission can occur. In general, anode fields play a small role in the pulsed high voltage hold off capability. At the cathode end of the partial discharge the maximum field is 330 kV/cm in vacuum at the iinsulator surface and 74 kV/cm just inside the bulk insulator. (330 kV/cm at a metallic cathode is considered very high.) Defects such as those shown in figure 3 may produce fields close to the intrinsic dielectric strength of the insulator, which can cause a partial dlischarge in the insulator and become an electron emitter. While it is well known that metal protrusions from metal electrodes can greatly enhance electric fields (Latham 198 l), field enhancements due to metallic or insulator protrusions from an insulator wall have not previously been calculated as far as we know. Figures 7 and 8 show an example of calculations using OPERA and figure 9 summarizes the results. The maximum field e:nhancement in the vacuum occurs at the tip of the protrusion and in the insulator at the base of the protrusion whether the protrusion is conductive or not. It is clear we could be alpproaching the intrinsic hold off strength of the insulator. An enhancement of 3.2 with a field of 74 kV/cm gives an actual field of 0.24 MeV/cm, which is the reported dielectric strength for a thin sheet of 94% alumina (Kohl 1967) . While a 3-dimensional calculation in the test configuration, at the defect, will be required to determine the exact enhancement, it is clear that enhancement occurs and that a factor of 3.2 is not an unreasonable estimate. We plan to do the OPERA 3-d calculation in the near future. 
Discussion of the Breakdown Mechanism
We believe the intrinsic strength of the bulk insulator is reached due to high fields in combination with field enhancement of the protrusions. Electrons are launched fiom the resulting bulk discharge region either directly or fiom thermionic emission, and strike the anode at sufficiently high energy to vaporize and ionize the metal. The discharge is then sustained by secondary electrons fiom the ions striking the insulator. The discharge continues until the fields substantially decrease by the positive charging of the insulator. At this time the fields are nearly parallel to the tapered part of the insulator and electron avalanching can occur. This partial discharge also produces a metal plasma from the anode (we estimate about 50 eV ions) which expands and initiates a complete high voltage breakdown.
Modeling Solutions to the Breakdown
Three ideas to reduce these fields (without major design changes) are examined: (1) smooth the edge of the metal anode by increasing the radius of curvature; (2) increase the spacing between the anode and insulator by decreasing the circumference of the anode and/or increasing the circumference of the insulator; and (3) minimize surface defects, which enhance the electrostatic fields.
Figures 10-15 show field plots of several geometries. A change in anode radius fiom 30 to 60 mils is modeled in figures 10 and 1 1. A very small decrease in the maximum field at the insulator results. Figures 12 and 13 combine a 50-mil anode radius (as a worst case for a 60 f 10 mil specification) and a 5-degree slant, away from the insulator, to increase the anode-insulator distance. Five degrees was chosen since this is the maximum that would allow modification of only a single part. This change lowers the maximum insulator field to 250 kVlcm, an improvement of 25% over the current design. Figures 14 and 15 duplicate figures 12 and 13 plus a 5-degree insulator slant, away from the anode, to further increase the anode-insulator distance. The maximum field here is lowered to 205 kV/cm, for a total improvement of 38%.
Conclusion
It is our judgement that the design change minimizing the impact to the test assembly design is a modification to the anode as in figures 12 and 13. In addition, the insulator vendor is working to improve his technique to minimize defects and meet the drawing surface requirements. With these changes, we believe the partial discharge will be eliminated. 
